Bermudagrass [Cynodon dactylon (L.) Pers.] is a perennial grass capable of producing a large amount of forage for either hay or grazing. Information on harvest frequency and rate of N for bermudagrass production is scarce for southwest Kansas. The objectives of this research were to determine economically and environmentally justified N rates for bermudagrass grown under supplemental irrigation (161-222 mm yr -1 ) and to determine annual harvest frequency. A field study was conducted from 2004 to 2007 near Rolla, KS, with five N rate treatments (0, 168, 336, 672, and 1344 kg N ha -1 ). On five harvest dates per year, biomass yield, feed quality, soil nutrient content, and soil pH were measured. Biomass yield was relatively high in the second, third, and fourth harvest dates out of five harvest dates within a year. In each of these five harvest dates, biomass yield increased with increasing N rates from 0 to 672 kg N ha -1 . A quadratic curve explained 80% of the variation for the relationship between total annual biomass yield of bermudagrass and N rate. The maximum average total annual dry matter production of about 18.5 Mg ha -1 was possible with 900 kg N ha -1 . The economic N rate that confers profit, however, varied from about 120 to 600 kg ha -1 depended on value of bermudagrass forage and variable cost of production. An increase in N rate from 0 to 672 kg N ha -1 also increased protein content and biomass feed quality without adversely affecting soil quality.
Bermudagrass is a perennial grass capable of producing a large amount of forage for either hay or grazing (Steinke et al., 2011; Shi et al., 2012) . It is well adapted to more humid areas of the southern and southeastern United States (Burton and Hanna, 1995; Brink et al., 2004) . Understanding its potential, interest in the crop is growing in areas farther to the north and west of its normal environment (Zuk and Fry, 2005; Fry et al., 2007) .
Nitrogen is one of the major nutrients that limits grass production, nutrient feed values, and uptake of other nutrients (Trenholm et al., 1998; Mengel and Kirkby, 2001; Rimi et al., 2013) . Bermudagrass responds to application of N with significant increases in dry matter production. Mathias et al. (1978) studied the effects of various N rate applications and reported yield increases between 340 and 590% over untreated grass. In a study conducted at Goodwell, OK, dry matter yields as high as 36 Mg ha -1 were reported for application of 336 kg N ha -1 (Taliaferro et al., 2004) . Moisture along with adequate N is important to bermudagrass yields. Stone et al. (2012) reported that N rate and moisture are crucial to higher bermudagrass forage yields.
Although several studies have shown a different bermudagrass yield response to different sources of N (Burton and Jackson, 1962; Burton and DeVane, 1952) , some have demonstrated very few or no differences if moisture is applied shortly after application (Burton and Jackson, 1962; Osborne et al., 1999) . Split applications of N appear to be more efficient than a single application for increasing yield and recovery of applied N (Fisher and Caldwell, 1959; Morris and Celecia, 1962; Mathias et al., 1978) .
Nitrogen is a major constituent of protein (Jurgens, 1982) , so N rates can have a dramatic effect on the crude protein (CP) content of bermudagrass. Increased CP content of bermudagrass from 92 g kg -1 (untreated grass) to 195 g kg -1 was reported when the grass was treated with 1008 kg N ha -1 (Prine and Burton, 1956) . The same study indicated that harvest frequency also plays a role in the CP content of the grass. Prine and Burton (1956) concluded that if high protein and nutritive values are desired, bermudagrass should be harvested at a frequency of every 4 to 5 wk.
Literature review appears to indicate that N fertilizer would have the greatest impact on the production and quality of bermudagrass. Therefore, the objectives of the present study were to determine: (i) the effects of different rates of N on biomass and quality of bermudagrass, (ii) the effects of different rates of N on soil nutrient content and quality, and (iii) the economic and environmental optimum N rate and harvest frequency for production of hybrid bermudagrass in areas like southwestern Kansas.
MATERIALS AND METHODS Experimental Site, Crop Management, and Design
Field research was conducted in the years 2004 to 2007 to evaluate the effects of N on hybrid bermudagrass under pivot irrigation near Rolla in Morton County, Kansas. The experimental soil was a Richfield silt loam, a fine, smectitic, mesic Aridic Argiustoll with 1.6% organic matter. Bermudagrass hybrid Goodwell was used in the experiment for its cold tolerance and high yielding capabilities (Charles Taliaferro and Joe Moyer, personal communication, 2003) . Goodwell is an F1 hybrid from an artificial cross of two bermudagrass lines ('74X 12-11' × '74X 12-12') (Taliaferro et al, 2004) .
Goodwell plants were established from sprigs in a nursery during late winter in 2002. Experimental site soil samples were taken on 11 Mar. 2003, to determine initial nutrient levels (Table 1) . Sampling increments for N were 0 to 15 cm, 15 to 30 cm, 30 to 61 cm, 61 to 91 cm, 91 to 122 cm, and 122 to 152 cm. The purpose of the 61-to 152-cm sampling depths was to determine how much N was leaching in the soil profile from the higher N rates. Soil pH, Bray P1, and soluble K were analyzed only for the 0-to 15-cm samples.
Plants from the nursery were transplanted into the experimental site on 15 May 2003. Spacing was 51 by 51 cm, which is equivalent to population density of 3.85 sprigs m 2 . Plots were 2.4 by 4.8 m. All plots were fertilized on 15 May 2003, with 56 kg N ha -1 and 224 kg ha -1 of P (P 2 O 5 ) to help establish the grass. The N fertilizer used in this experiment was 46-0-0 (urea) and P fertilizer used was 11-52-0 (monoammonium phosphate). The fertilizer was surface-applied then watered with overhead sprinkler irrigation. Experimental units were arranged in a randomized complete block design with four replications.
Nitrogen treatments were 0, 168, 336, 672, and 1344 kg N ha -1 . Soil samples were taken to determine the profile nitrate N in the top 152 cm of soil on 11 Mar. 2004 , 18 Jan. 2005 , 9 Feb. 2006 , and 20 Mar. 2007 . Nitrate-N found in the top 61 cm of the soil was subtracted from the treatment N rate, and the balance of the N was divided into five equal parts and applied at five different times. The first N treatments of the growing season were applied on 15 Apr. 2004 , 1 Apr. 2005 , and 22 Apr. 2007 with any P that was needed based on soil test. The remaining N requirement was applied to the plots after each of the first four harvests. All fertilizer was applied uniformly to each plot by hand and watered in with 2 cm of water following application.
Data Collection and Environmental Conditions
The first harvest was conducted when the average grass height was 20 cm as it naturally stood, that is grass was clipped using a 0.53-m wide mulching rotary mower (Craftsman Sears, Roebuck and Company, Chicago IL) equipped with rear bag collection. All experimental units had 1.06-by 4.8-m area harvested at each plot. Following each of the first four harvests, the next fertilizer treatment was applied by hand evenly throughout the plot area and irrigation of 2 cm was applied to minimize N loss.
Grass harvests were weighed and a random subsample was taken and sent to Servi-Tech Laboratories (Dodge City, KS) for chemical forage nutritive value analysis (CP, acid detergent fiber [ADF] , neutral detergent fiber [NDF] ) and moisture content to determine dry matter production (Taliaferro et al., 1975; Burton and DeVane, 1952; Burton and Jackson, 1962; Osborne et al., 1999) . The effect of N rate on dry matter production, protein content, and quality was determined from this grass biomass measurement and quality analysis.
The experimental bermudagrass was to receive at least 20 mm of water per week from April through the middle of September, for a total of 480 mm, but this was not always accomplished. The amount of irrigation or natural rainfall is shown in Table 2 . The 2006 data were omitted from the study because livestock gained entrance to the plot during two of the cuttings.
Data Analysis Procedures
A repeated measure analysis was conducted to identify the impact of N, harvest time, years, and their interaction on yield, CP, ADF, and NDF (McIntosh, 1983; Moser, 2004) . Analysis was conducted in MIXED procedure of SAS (SAS Institute, 2011) . Based on results from this analysis, the scale at which treatments should be compared was determined. Trends of the response variables (yield, CP, ADF, and NDF) were plotted, by fertilizer rate, to study effects of treatments over time. Multiple comparison tests were performed at each harvest using Tukey's honest significant difference (HSD) test in SAS. Changes in yield or CP content were regressed over sequence of harvesting date using simple regression analysis on the PROC REG procedure of SAS.
The annual total dry matter yield was calculated as a summation of dry matter yields at each of the five harvests within a year. The relationship between the total dry matter yield and fertilizer rate was studied using the RSREG procedure of SAS. The rate of N fertilizer that maximizes biomass yield was determined. Using the relationship obtained, yield of bermudagrass was simulated for different N fertilizer rates. We defined a maximum profitable N rate as a rate at which the highest return in dollars was obtained when variable cost of production at different N rates ($ ha -1 ) is subtracted from the multiplication product of biomass yield (Mg ha -1 ), at these N rate, with value of bermudagrass ($ Mg -1 ). Since both variable cost of production (cost of N, P, harvest etc.) and value of bermudagrass change from time to time and place to place, maximum profitable N rates were calculated as a function of the ratio of bermudagrass value ($ Mg -1 ) to cost of production ($ kg -1 ). We simulate different combinations of bermudagrass value to cost of production, in reasonable range from 45 to 350, and indicated maximum profitable N at different ratios on this range. Analysis was also conducted for impacts of treatments on soil nutrient content (N, P, K) and soil quality (pH and profile NO 3 -N). A similar procedure, PROC MIXED of SAS, was used. The impact of N rate, year, depth, and their interaction was investigated for soil nitrate content. Since measurements were not done by depth for pH, K, and P, the impact of N rate, year, and rate × year interaction were studied.
RESULT AND DISCUSSION
The impact of N, harvest time, years, and their interaction on yield, CP, ADF, and NDF is presented in Table 3 . The three-way interaction between these factors was significant for the three dependent variables; that is, yield, CP, and ADF. Therefore, results for yield and CP are presented and discussed based on the trends of each variable over time by N levels. For NDF, the three-way interaction was not significant; therefore, to keep uniform, only the two-way interactions will be discussed for both acid and NDF.
Forage Yield
When yield was analyzed across fertilizer rates by harvesting period, in all years, biomass from the second, third, and fourth harvest increased as N rate increased from 0 to 672 kg ha -1 and then leveled off (Fig. 1a) . When we look at details of each year, starting from 2004, yield from the first harvest did not change from one N rate to the other in this first year. Similar to the first harvest, bermudagrass yields obtained from the fifth harvest in 2004 were not different by N rates. Yield from the second, third, and fourth harvest, however, increased as N rate increased from 0 to 672 kg ha -1 and then leveled off, that is, there was no significant difference between highest two fertilizer rates (Fig. 2) .
When biomass yield among different harvest within fertilizer rates were analyzed, bermudagrass yields from the lowest N rate (0 kg ha -1 ) in the first, second, and third harvest were similar but significantly greater than the yield at the fourth and fifth harvests.
Yield of bermudagrass harvested from the lowest N rate in the fourth harvest was greater than yield obtained from the same rate at the fifth harvest. In the fertilizer treatments >0 kg ha -1 , yield of bermudagrass in 2004 followed the order second harvest > third harvest > first harvest > fourth harvest > fifth harvest, with only few exceptions.
The 2004 growing season began with bermudagrass growth in March, and by April the grass had attained 5 cm of height when a killing freeze occurred, which delayed subsequent development and perhaps responsible for relatively low yields recorded in the first harvest. May 2004 rainfall was near a record low, at 28 mm, compared with the 70 mm average, followed by above-average June through September rainfall of 315 mm compared with the 248-mm 30-yr average (Table 2) . Average temperatures for 2004 were cooler than normal, with some of the hottest days occurring in May. The cooler temperatures likely played a role for low (or dramatic drop in) yields in late harvest (fourth and fifth), since bermudagrass responds well to high temperatures when moisture is available.
In 2005, bermudagrass yield increased as N rate increased from 0 to 672 kg ha -1 and leveled off, in all of the five harvest periods. When biomass was analyzed within fertilizer rates, in 2005, yield differences were not observed among the five harvest periods for the lowest N rate. However, for the other rates, yield was different in the order second harvest = fourth harvest > third harvest > first harvest > fifth harvest. Yield from the second and fourth harvests were similar for all N rates. the lowest N fertilizer rate, similar result with 2005 was observed, that is, low biomass yields and no difference among the five harvest periods. In the remaining fertilizer rates, yield was in the order third harvest > second harvest = fourth harvest > fifth harvest > first harvest. Yield from the second and fourth harvests were similar for all N rates. Temperatures were average in 2007 but precipitation was significantly lower than normal, which perhaps contributed to lower yields than previous years in all except the third harvest.
To generalize for all years, yield at each harvest date increased with increasing N rate from 0 to 672 kg ha -1 , except at the last harvest date of each year, where differences were narrow. This is perhaps due to the fact that the heat unit left late in the season (after fourth harvest) limited biomass accumulation. The trend line between N rates of 672 and 1344 kg ha -1 did not differ suggesting the maximum N rate for bermudagrass production is not as high as 1344 kg ha -1 . When a linear regression line was fitted for yield from the first harvest to the 15th harvest date for each N rate, a significant negative trend was obtained ( Table 4 ), suggesting that productivity declines over time but the decline in yield over harvest dates decreased as N rate increased.
The relationship between the total annual dry biomass yield of bermudagrass and N rate were regressed to arrive at the optimum amount of N recommended per year (Fig. 3a) . Total biomass yield and N rate demonstrate a quadratic relationship. This relationship explained about 80% of the variation in yield (Fig. 3a) . Based on this result, the N rate that maximized production was about 900 kg ha -1 . The maximum yield at this N rate was 18.6 Mg ha -1 .
Using the above quadratic relationship between yield and N rate, the economic (profitable) maximum N rate was calculated for different values of value of biomass per variable cost of production. Change in the cost of production, such as changes in price of fertilizer (N and P), harvest costs, and changes in value of bermudagrass, or both can change the profitable maximum N rate. The ratio of the value of biomass over the variable cost of production can, therefore, be a reliable indicator to determine the profitable maximum N rate. As indicated in Fig. 3b , the profitable N rate varied from about 120 to 600 kg ha -1 when the ratio of value of bermudagrass ($ Mg -1 ) over cost of production ($ kg -1 ) varied from 45 to 200.
Crude Protein
In 2004, average CP content increased with increasing N rate from 200 to 672 kg ha -1 and leveled off between the highest two rates (Fig. 1b) . At the lowest two N rates (0 and 200 kg ha -1 ), CP content was similar for all harvest dates. As N rate increased, protein content of bermudagrass differ by harvest dates. On average, CP content by harvest in 2004 followed the order fourth harvest = fifth harvest ≥ second harvest ≥ third harvest > first harvest (Fig. 2) .
Similar to 2004, average CP content increased with increasing fertilizer rate in 2005. However, CP content of bermudagrass was similar between harvest dates at all N rate except at the lowest two rates in 2005. At the lowest two N rates (0 and 168 kg ha -1 ), CP from the first harvest was greater than CP content of the remaining four harvest dates. The latest four harvest dates had similar CP content.
In 2007, CP content of bermudagrass demonstrated moderate separation between harvest dates. At the lowest two N rates, no difference was observed between harvest periods. In the N rates above the two lowest, CP content between first and third harvest were similar and better than CP content of the others (second, fourth, and fifth harvest), except at the highest rate. Fig. 3 . Relationships between (a) N rate and annual total biomass and (b) maximum profitable N and the ratio of value of biomass to variable cost of production. In summary, CP content increased with increasing N rates with the exception of a narrow difference between the 0 and 168 kg N ha -1 treatments (Fig. 1b) . A decrease in CP content over time was detected for the three lowest N rates (0-336 kg ha -1 ). This result suggests that more N was being removed than was supplied to adequately improve protein content in these treatments. The linear regression trend fitted for CP over the length of the experiment indicated a negative trend, except that the decline in CP content at the two highest N rates was not significant (Table 4) .
Acid and Neutral Detergent Fiber
The ADF content of grass is one of the most important quality measurements. It is from this value that the total digestible nutrients, net energy for maintenance, and net energy for gain can be calculated (Adams, 1980; Fox and Black, 1984) . The ADF content is the measurement of only the indigestible portion of the cell wall material, and it is negatively correlated with digestibility of the grass (Ball et al., 2002) .
In general, unlike yield and CP content, ADF content decreased with increased N rate (Table 5) . Increasing the N rate promotes bermudagrass remaining in a vegetative stage longer, which lowers fiber and lignin contents (Prine and Burton, 1956) . In all years, in our experiment, the ADF values showed a decrease with increasing fertilizer rate but no significant differences between, at least, two consecutive rates. Within a fertilizer treatment, the second harvest date had the highest ADF but mixed results, otherwise.
A repeated measure analysis of the ADF content also indicated a periodic fluctuation between harvest dates, but no significant trend over time (Fig. 1c) . Acid detergent fiber content decreased with increasing N rate, with a narrow gap between consecutive N rates and at early harvest dates. The lowest ADF content was recorded for all N rates at the 11th harvest date (first harvest date of 2007). This low value might be due to the loss of harvest data in 2006, because the 11th harvest was the first harvest in 2007.
Neutral detergent fiber content measures all cell wall material, digestible and indigestible, and is negatively correlated with forage voluntary intake by animals (Ball et al., 2002) . The threeway interaction between year, harvest date, and N rate was not significant for NDF (Table 2) , but all two-way interactions were significant.
Similar to ADF content, the NDF content of the bermudagrass forage generally declined as N rate increased from 0 to 672 kg ha -1 (Table 5 ). The declining trend in NDF content as the N rate increased was similar in all years (Table 5) . From 0 to 336 kg N ha -1 , NDF initially was greater and similar between all harvest dates except the first. For the highest three N rates; however, the NDF value was lower and similar between all harvest dates.
Similar to ADF content, a repeated measure analysis of the NDF content of bermudagrass by N rate indicated a periodic fluctuation between harvest dates but no significant trend over time (Fig. 1d) . Neutral detergent fiber content decreased with increased N rates, with the least difference at the earliest harvest date. The lowest NDF content was recorded for all N rates at the 11th harvest date, which might be due to the interruption in 2006, as suggested for the low ADF value at the same harvest date.
Soil Analysis
The NO 3 -N, pH, Bray-P, and K contents of the experimental soil were also analyzed. The NO 3 -N content was measured across the soil profile at multiple depths, but the other soil parameters were measured for only one depth (0-15 cm). The interaction between N rate, sampling depth, and year was significant for NO 3 -N (Table  6 ). For pH and P, the two-way interaction between year and N rates was significant. For K, only the main effects were significant.
The trend of NO 3 -N content at each depth over the years and by N rates is presented in Fig. 4a . Initially in 2004, no significant differences were observed in NO 3 -N content at the 0-to 30-cm and 61-to 152-cm depths (Fig. 4a) . In the 31-to 60-cm depth, however, NO 3 -N content in treatments receiving 336 and 1344 kg N ha -1 were significantly higher than the other N rates. Over time, soil NO 3 -N content decreased and remained low at all soil depths with N rates of 672 kg N ha -1 or less. This result suggests that bermudagrass was effectively using the applied -2004  325A †  327A  316AB  305B  302B  701A  699A  672B  657BC  646C  2005  348A  337AB  329BC  317CD  306D  753A  730B  710C  677D  650E  2007  338A  324AB  310BC  294C  294C  725A  727A  696A  662B  651B   Harvest  1  317C ‡  307C  306B  291B  287B  701B  693B  684A  655A  643A  2  355A  348A  333A  328A  321A  741A  725AB  698A  683A  664A  3  340AB  326B  316AB  301B  295B  734AB  719AB  692A  667A  644A  4  334BC  324BC  315AB  309AB  308AB  728AB  717AB  682A  665A  652A  5  341AB  339AB  322AB  299B  290B  727AB  739A  707A  658A 642A † Similar letters in same row indicate no significant difference (comparisons are between rates at each year). ‡ Similar letters in same column indicate no significant differences (comparisons are between harvest at each fertilizer level).
N. With application of 1344 kg N ha -1 , however, soil NO 3 -N levels remained high, fluctuated between years, and in most cases indicated significant accumulation over time, which could result in N leaching below root depth. Soil pH increased slightly over time with N rates from 0 to 672 kg ha -1 (Fig. 4b) . On the other hand, soil pH declined and remained significantly lower at the highest N rate (1344 kg ha -1 ). The decrease in soil pH in the highest N rate perhaps due to relatively large amount of urea which converts to ammonia and then to nitrate, thus releasing H ions that lower soil pH.
Average initial soil test P (Bray-1 P) was similar for all treatments except the 336 kg N ha -1 treatment. Over time a similar trend, exponential decay, was observed for Bray-1 P with all N rates (Fig. 4c) . Average K content of the soil declined for all treatments over time, from 2004 to 2007, in a similar fashion (Fig. 4d) . The comparison between treatments show that average K content was greater for the unfertilized, lowest N rate treatment (0 kg ha -1 ), and it was low for the 672 kg N ha -1 treatment. This is perhaps due to the difference in biomass production between treatments and the consequent uptake of K to support dry matter production (Fig. 4e) .
CONCLUSION
In this study, we observed an increase in forage yield and quality of bermudagrass with increase in N rate of up to 672 kg N ha -1 . This result is in line with previous reports on the positive impact of application of N-fertilizer for better yield and quality of bermudagrass (Prine and Burton, 1956; Trenholm et al., 1998; Seay and Slaton, 2008) . The average maximum annual total biomass yield that we obtained by interpolation from the data in the present study period was about 18.6 Mg ha -1 . The interpolated N rate Fig. 4 . Nitrate N, soil pH, Bray-P, and K in the soil across years, in different soil profiles, or with different N rates.
that maximizes production to this annual production was about 900 kg ha -1 . Since fertilizer has cost, the economic maximum N rate is lower than this N rate, however, this rate is not specified because it varies depending on price of N and value of bermudagrass (Fig. 3) . In fact, the economic optimum should consider other costs as well, but that is beyond the scope of this study.
Biomass and quality of forage varied with harvest dates where higher biomass was obtained from second, third, or fourth harvest of the year most of the time. The first harvest resulted in medium or lower yield but was among the best quality in terms of ADF and NDF content. The fifth harvest consistently resulted in lower yields and was often lower quality in terms of ADF and NDF. The temperature in spring and fall perhaps dictate the yield and quality of the first and fifth harvest, respectively, that is, the heat unit to these harvest dates limit biomass accumulation. A decline in yield and forage quality has been reported with age and advancing season by other researchers (Holt and Conrad, 1986; Michelangeli et al., 2010) . Therefore, we suggest restricting harvest to four times per year or timing harvest according to plant height than based on the number of days from the first harvest.
Results indicated no significant soil quality problem (in terms of soil NO 3 -N accumulation and change in soil pH) when N rates increased from 0 to 672 kg ha -1 . This suggests that bermudagrass has the potential to efficiently use this amount of N from the soil. Previous reports also documented about 84% N recovery for hybrid bermudagrass (Bowman et al., 2002) which is by far higher than about 33% N recovery rate by cereal crops . However, accumulations of soil NO 3 -N and soil acidity occurred with applications of 1344 kg N ha -1 , suggesting we should avoid overapplication of N fertilizer to guard against possible environmental hazards.
In conclusion, our result calls for annual N rate for bermudagrass in areas related to our experimental site (southwestern Kansas) to be lower than 900 kg ha -1 but should be calculated based on price of input and value of forage. Four annual harvesting periods would be recommended with the first occurring when average grass height is 20 cm or up and the remaining three harvesting dates a month or more depending on the first harvest date and remainder of the season. Split application of the recommended N fertilizer after each harvest perhaps contributes to efficient recovery or reduces leaching. A depletion of P and K was observed within the optimum rates of N fertilizer; therefore, depending on the level of P and K in soil, application of P and K should be considered.
